ABSTRACT: X-ray spectroscopies, when combined in laserpump, X-ray-probe measurement schemes, can be powerful tools for tracking the electronic and geometric structural changes that occur during the course of a photoinitiated chemical reaction. X-ray absorption spectroscopy (XAS) is considered an established technique for such measurements, and X-ray emission spectroscopy (XES) of the strongest coreto-core emission lines (Kα and Kβ) is now being utilized. Flux demanding valence-to-core XES promises to be an important addition to the time-resolved spectroscopic toolkit. In this paper we present measurements and density functional theory calculations on laser-excited, solution-phase ferrocyanide that demonstrate the feasibility of valence-to-core XES for timeresolved experiments. We discuss technical improvements that will make valence-to-core XES a practical pump−probe technique.
■ INTRODUCTION
Hard X-ray spectroscopies are powerful tools for probing the electronic and geometric structure of molecules in complex or disordered systems 1 and have been particularly useful for studying molecules in the solution phase. Unlike UV, VIS, or IR spectroscopic techniques they are element specific, sensitive to the electronic structure and the local arrangements of surrounding atoms of the element being selectively probed. Additionally, in contrast to soft X-ray techniques, they readily penetrate matter and do not require ultrahigh vacuum conditions making in situ or operando measurements feasible. 2, 3 When combined in a pump−probe scheme with ultrafast lasers, X-ray spectroscopies can be used to track the evolution of structural changes that occur after photoexcitation. 4 X-ray absorption spectroscopy (XAS) has been employed for laser pump−X-ray probe studies. 5, 6 Here the incident X-ray energy is tuned across an inner shell of an element of interest within a molecule, and the transmission, or for dilute samples total fluorescence yield, is measured. Close to the edge energy, in the X-ray absorption near edge structure (XANES) region, the formal valence state and coordination geometry contribute to the spectral shape, and when compared with theoretical models or spectra of reference compounds XANES can provide insight into the chemical environment of the absorbing atom. 7 Below the core ionization threshold, in the pre-edge XANES region, resonances due to transitions from inner shell orbitals to unoccupied valence orbitals reveal important insights about the electronic structure of the absorbing atom. Above the edge, in the extended X-ray absorption fine structure (EXAFS) region, scattering of the outgoing photoelectron on neighboring atoms leads to modulations of the absorption which can be analyzed to yield information on the number, type, and distances of coordinating atoms.
X-ray emission spectroscopy (XES) has only recently been used in pump−probe experiments. In nonresonant XES the incident X-ray energy is tuned above an inner shell edge, and the fluorescence emitted as an electron decays from an occupied higher-lying orbital to the core hole is spectrally resolved. The shapes of the different emission lines can yield information about the occupied orbitals, 8 complementing information gained from XAS about unoccupied orbitals. The need for a wavelength-dispersive spectrometer and a smaller detected signal makes XES more challenging than XAS to incorporate into a pump−probe experiment, and consequently it has been implemented only in the past few years. Laserpump, X-ray-probe XES experiments have so far focused on studies of transition metal coordination complexes, measuring the core-to-core emission lines Kα due to 2p → 1s transitions and the Kβ 1,3 and its satellite, Kβ′, due to 3p → 1s transitions. These spectra are sensitive to the unpaired electrons in the metal 3d orbitals, those that determine spin state, through means of the intra-atomic exchange interaction between the unpaired electron in the 2p (for Kα) or 3p (for Kβ) core-hole final state and the unpaired metal 3d valence electrons. 9, 10 Other details of the metal ion's chemical environment often do not have an appreciable impact on the core-to-core XES lineshapes, which makes Kα and Kβ spectroscopy a very powerful probe of spin state. In most cases a quantitative value for the total spin momentum of the transition metal ion can be obtained from core-to-core XES spectra. 9,11−14 Exceptions are where strong covalency or charge transfer additionally modify the line shape. 15, 16 The first laser-pump, X-ray-probe XES experiment 17 measured the iron Kα 1 core-to-core emission line to study laser-induced spin-state switching in the [Fe(bpy) 3 ] 2+ molecule in an aqueous solution. The laser excitation induced a spin transition of the central iron ion, from low spin (singlet) to high spin (quintet), that was detected as a broadening of the Fe Kα line shape, in agreement with static reference spectra and theoretical simulations. Subsequent experiments improved dramatically on the data quality by using a high-repetitionrate pump−probe scheme that used more of the available synchrotron X-ray flux. 18, 19 In this way the weaker iron Kβ 1,3 spectrum, which shows more conspicuous sensitivity to spin state, 11 was also obtained with good signal-to-noise 18 as well as 1s2p resonant X-ray emission (RXES) spectra. 19 The [Fe-(bpy) 3 ] 2+ molecule was investigated with finer time resolution at the Linac Coherent Light Source (LCLS) 20 where by comparison of the transient core-to-core Kβ spectra with those from statically measured reference samples it was found that the complex passed through a triplet state before reaching the quintet. Core-to-core Kβ measurements have also been carried out at the LCLS to follow changes in the valence electron pairing of manganese in photosystem II, which in this case correspond to oxidation state changes. 21 On the high energy tail of the transition metal core-to-core Kβ 1,3 line lies the valence-to-core (vtc) region which contains the Kβ 2,5 and Kβ″ lines. This region has not yet been utilized in a pump−probe experiment although it has potential to reveal a great deal of additional information about molecular structure, complementing that obtained from XAS and core-to-core XES. The intensity of the features are several tens of times weaker than those of the core-to-core Kβ lines, making this region a challenge to measure. The valence-to-core region has recently sparked a good amount of interest, 22−24 reflecting an awareness of the potential utility of this region and progress in the availability of theoretical calculations. The vtc XES features of transition metal complexes have been shown to be dominated by dipole transitions to the metal 1s orbital from valence molecular orbitals that are predominantly ligand s or p in character but that contain sufficient metal p mixing to make the cross section appreciable. In this way vtc XES probes directly valence molecular orbitals, those that undergo photoinitiated dynamics. This is in contrast to core-to-core XES which probes the changes that take place in valence orbitals indirectly. Vtc XES has been shown to overcome a limitation that is present in EXAFS spectroscopy, specifically discrimination of ligands containing the light atoms C, N, or O, 25−29 which is of importance in areas such as catalysis. 24 Additionally vtc XES has sensitivity to detect chemical changes in the ligands (e.g., protonation).
30−32
A tremendous strength of vtc XES is that the spectral features can be sufficiently modeled considering only one-electron transitions within ground-state density functional theory (DFT), without the need for the inclusion of multiplet structure, core hole, or multielectron excitations that are necessary to model core-to-core XES or L-and M-edge XANES spectra. 23,33−37 This has aided experimentalists in extracting useful information about molecular orbitals from measured spectra, especially since it has been implemented in a userfriendly quantum chemistry software package, ORCA. 23 Additionally, this relative ease of modeling has particular utility for time-resolved measurements as it could help to identify transient species formed after photoexcitation. The transient spectrum measured in a laser-pump, X-ray-probe experiment is a mixture of the spectra from the ground-state molecule and one or more photoproducts. In order to extract structural information about the transient photoproducts the signal from each component needs to be separated. The "fingerprinting" or linear combination fitting (LCF) 38 approach in XANES spectroscopy, where linear combinations of reference spectra are fit to an unknown spectrum to determine the fraction of each species present, has long been used to determine the composition of mixed samples. Yet a challenge for studying laser-initiated chemical reactions is the lack of knowledge about the spectral shapes of the often short-lived photoproducts that are generated as the reaction proceeds. Reference samples are often not available. Calculated XANES spectra can be used in place of measured reference spectra, but the complexity of the XANES edge shape, being dependent on a combination of electronic and geometric factors which may not be precisely known, can lead to ambiguity. In the pre-edge region, the spectral features reflect 3d electronic structure and can be an important means to identify particular products; yet, often resonances can be quite small when due predominantly to quadrupolar transitions, and they fall within the tail of the Kedge making them somewhat difficult to precisely resolve experimentally, particularly when masked by the signals of other species. Calculated vtc spectra, which have been shown to exhibit substantial spectral variation for different species, like XANES, compared with experimental spectra could provide additional feedback that when used in conjunction with XANES and core-to-core XES could produce the desired species identification and perhaps even the fractions of each species.
To our knowledge no laser pump, X-ray probe vtc XES studies have been reported. A major hurdle is the fact that vtc emission lines are hundreds of time weaker than the strongest XES lines, the Kαs. However, MHz pump−probe methods developed now at several synchrotrons are enabling flux demanding techniques by utilizing a larger fraction of the available X-rays. 39−44 In this paper, we demonstrate the feasibility of vtc XES using synchrotron X-rays, presenting measurements of a well-known, symmetric, and very stable transition metal complex in a water solution after laser excitation. The molecule chosen was ferrocyanide,
, which is known to undergo two common photoinitiated reactions: photooxidation and photoaquation. 45, 46 At the laser excitation used, 266 nm, the dominant reaction is photooxidation. Here a photon promotes an electron into a charge-transfer-to-solvent (CTTS) manifold that yields an ejected electron along with the oxidized parent ion, ferricyanide [Fe . Previous X-ray measurements of ferrocyanide have used XAS to study its ground-state structure 47, 48 and in laser-pump, X-rayprobe studies to understand its photoexcited dynamics. 49, 50 In this paper we present laser-pump, X-ray-probe XES measurements. Time-resolved core-to-core XES spectra of laser-excited [ 
■ EXPERIMENTAL AND THEORETICAL METHODS
Measurements were carried out at beamline 7ID-D at the Advanced Photon Source. 51 The setup includes a highrepetition-rate laser and X-ray microprobe and is similar to that used in previous experiments. 18, 19 ,39 X-rays and laser are spatially overlapped at a fast-flowing liquid jet. The jet is 100 μm thick, ∼6 mm wide, and produced by circulating fluid with a gear pump through a sapphire nozzle. The flow speed is 6.5 m/ s. The X-ray spot size (7 μm fwhm × 4 μm fwhm) was smaller than the laser spot size (30 μm fwhm × 25 μm fwhm) in order to probe only the volume with the highest excitation fraction. The hybrid singlet storage ring mode was used, where a single electron bunch with 16 mA circulates the ring at 271.6 kHz, separated by 1.594 μs on each side from a train of close-spaced bunches containing 86 mA. Only the singlet pulse was used for the pump−probe experiments. The signal from the detector was electronically gated to isolate the singlet pulse signal from that due to the other bunches. The singlet provided 3 × 10 11 photons/s at 7.5 keV, the X-ray energy used, and its pulse duration of 120 ps fwhm determined the temporal resolution of the measurement. For the static measurements, all bunches were used corresponding to a flux of 2 × 10 12 photons/s. The laser repetition rate was 135.8 kHz so that the laser pulses overlapped every other X-ray singlet pulse. Counts from the laser-overlapped X-ray pulses ("laser-on") and nonoverlapped X-ray pulses ("laser-off") were tallied independently but simultaneously in the same experimental scan. The detected signals were normalized to a measure of the incident X-ray flux. The laser wavelength was 266 nm, and the pulse duration was 10 ps. The incident power on the sample was 275 mW corresponding to a laser pulse energy of 2 μJ and fluence of ≈130 mJ/cm 2 . The flow speed of the jet was set so that an area defined by the laser fwhm was cleared in the 3.7 μs between Xray pulses. This ensured that the "laser-off" counts were due to a fresh ground-state sample rather than contaminated by longer lived photoproducts.
The emission spectrometer consisted of a spherically bent Si(531) analyzer crystal, positioned relative to the sample on a 1 m Rowland circle. The analyzer focused Bragg-reflected radiation onto an APD detector. A 1 mm slit in front of the APD reduced the background. The analyzer crystal was rotated, while the detector was translated to record an emission spectrum at a fixed incident X-ray energy. The energy resolution was determined by scanning the elastic scattering at 7060 and 7108 eV. At both energies an overall bandwidth slightly less than 1 eV was found.
Aqueous solutions were prepared by dissolving high purity K 4 6 ], purchased from SigmaAldrich, in distilled water. The concentration was 0.05 M for all time-resolved measurements and 0.4 M for the static measurements. A volume of 750 mL was circulated through the liquid jet and was replaced with a fresh volume periodically to prevent contamination of the signal from irreversible photoproducts.
The static measurement on Na 2 [Fe(CN) 5 NO]·2H 2 O was obtained with a similar Rowland-circle spectrometer at the Inelastic Scattering (ID16) beamline of the European Synchrotron Radiation Facility. As the sample degraded in the X-ray beam, sets of consecutive X-ray absorption spectra were taken to determine the time scale of the decay. For the emission scans the flat pellet sample was moved along its face, orthogonal to the beam during the data collection at a speed sufficient to avoid effects of decay in the spectra.
The calculations of the vtc XES spectra were carried out with the ORCA 3.0.0 quantum chemistry program package. 52 The 57 which treats the solvent as a dielectric continuum that surrounds a molecular cavity containing the solute. In the present case with water being the solvent the relative permittivity used was ϵ r = 80.4. The vtc X-ray emission spectra were computed in a quasi-one-electron approach; 23 this includes the calculation of transition energies as the differences of core and valence orbital energies (ΔE = ε val − ε core ) as well as the determination of the emission oscillator strengths, f, of the electric dipole transitions utilizing the formula
Here ψ I and ψ F are the initial and final electronic states involved in the emission process, respectively, and D̂is the electric dipole moment operator.
23 Spin−orbit coupling was included in these computations by the application of the spin− orbit mean field (SOMF) operator. 58 The numerical integration accuracy was set to 7.0 for the Fe atom in order to achieve a more accurate description. A pseudo-Voigt profile broadening was applied to account for the Lorentzian core-hole lifetime broadening and the Gaussian experimental broadening. The widths, 1.4 eV for the Lorentzian and 1.5 eV for the Gaussian, were chosen to best match the experimental spectrum.
■ RESULTS AND DISCUSSION
Measurements of iron core-to-core (3p → 1s) Kβ emission spectra of aqueous [Fe II (CN) 6 ] 4− are shown in Figure 1 . The spectra consist of a main peak, Kβ 1, 3 , and a small and broad shoulder to lower energy, Kβ′. If unpaired 3d electrons are present in the ion, the intra-atomic exchange interaction between the unpaired 3p core electron in the XES final state and the unpaired 3d valence electrons transfers intensity into the Kβ′ region. 9 A higher spin state, and therefore stronger 6 ] 3− are somewhat more complex than described here. 60, 61 However, details such as the effects of back-bonding on the core-to-core lines are beyond the scope of this paper.
Our time-resolved Kβ measurement of ferrocyanide is shown in Figure 1(b) . The laser-on curve is collected at a delay of 120 ps after excitation with 266 nm light. 120 ps is the delay between laser pump and X-ray probe where maximum changes between the laser-on and laser-off spectra were observed. This time delay corresponds to the pulse duration of the X-ray singlet pulses in the hybrid singlet operating mode and indicates the limit of our temporal resolution. On this time scale excitation to the ligand field states and subsequent CN − dissociation or hydrated electron formation are too fast to be resolved. Our measured transient signals are due to the presence of the photoproducts that result from these initial dynamics. The difference between laser-on and laser-off is small but clearly observed given the small statistical uncertainties. 6 ] 3− would be the dominant photoproduct formed. However, such an observation does not exclude the possibility that other photoproducts are contributing to the transient signal. The core-to-core Kβ's insensitivity to details of the absorbing ion's chemical environment except for the number of unpaired electrons makes it a powerful probe of spin state but also means that the spectra of different chemical species with the same or close spin momentum on the transition metal ion will look very similar. In the present case photoaquation is known to occur alongside the photo-oxidation reaction although with a much smaller quantum yield. 45 6 ] 4− could also contribute to the difference signal but is not distinguishable. Separating contributions from multiple photoproducts in core-to-core Kβ emission spectra is a challenge and makes obtaining useful spin-state information for products involved in photoinduced chemical reactions difficult.
Roughly 50 eV to higher energy, on the tail of the core-tocore Kβ 1,3 spectrum, is the vtc region which exhibits more sensitivity to the chemical environment of the absorbing metal ion and hence more spectral variation for different chemical species than core-to-core Kβ. Measured and calculated vtc spectra of aqueous [Fe II (CN) 6 ] 4− are shown in the top panel of Figure 2 . The intensity is considerably weaker than that for the The Journal of Physical Chemistry C Article core-to-core Kβ 1,3 fluorescence, with a peak count rate of 130 counts per second as compared to 4200 counts per second. The features of the Kβ 2,5 spectrum are due to dipole transitions to the Fe 1s core from molecular orbitals that are primarily ligand 2p in character but mixed with some Fe 4p and, for molecules lacking inversion symmetry, Fe 3d. 23 The intensity of the spectral features is related to the amount of Fe np mixing with the ligand valence orbitals. A greater amount of Fe np character leads to stronger lines. 23 The calculated spectrum reproduces the experimental features well. The energy and intensity of the main transitions contributing along with representations of the molecular orbitals involved are shown. The calculated spectrum was shifted by 150 eV to match the experimental spectrum. It can be seen that the molecular orbitals that are probed are those concentrated on the ligands and that have dominantly p character.
For comparison, and to demonstrate this region's sensitivity to ligand environment, measured and calculated vtc spectra of sodium nitroprusside are shown in the bottom panel of Figure  2 . [Fe(CN) 5 , being low spin and having an iron oxidation state of +2, but differs in that it has a NO + ligand in place of a CN − ligand. This difference can be seen to have a dramatic impact on the vtc spectrum. In particular, a distinct peak at 7098 eV is present. Kβ″ satellite peaks, such as this, have been shown to be due to transitions from ligand 2s orbitals. 23, 26 This can be seen to be the case here from the calculation which indicates that the peak involves a molecular orbital concentrated on the N donor atom of the ligand with s character. The energy of the satellite peak depends on the ligand's 2s binding energy and can be used to identify the type of ligand. Since the intensity of this feature is correlated with the metal−ligand distance, this peak is large in the [Fe(CN) 5 4− has a Kβ″ satellite peak as well, but it is very small and broad, therefore not as apparent above the background in our data. The [Fe-(CN) 5 (NO)] 2− Kβ 2,5 region is shifted to higher energy relative to the [Fe(CN) 6 ] 4− spectrum. As demonstrated in ref 23 the vtc spectrum is sensitive to the effective nuclear charge on the metal, decreasing in energy upon reduction. Here the negatively charged CN ligand has been replaced by a positively charged NO ligand leading to an effective charge difference of +2 and a corresponding shift of the vtc spectrum to higher energy.
Our first measurement of time-resolved vtc XES is shown in the top panel of Figure 3 . These four data points are the difference between laser-on and laser-off 120 ps after 266 nm excitation of 50 . Each data point results from a total of 2 h integration. The emission spectrometer was cycled through the four emission energies sitting at each for 2 min at a time. These points are compared to the difference between static measurements of 0. 3− is also expected to be present. This complex is unstable and difficult to measure alone in a static measurement, so to determine its vtc spectrum we turn to calculations. The lower panel of Figure 3 shows calculated spectra for [ product based on this valence-to-core measurement alone is difficult due to the similarity of its spectral shape to that of the 18 To be able to extract meaningful information more timeresolved data points are obviously needed. We estimate that a factor of 5 to 25 times more points (with improved statistics) could constitute a definitive time-resolved vtc spectrum. This would be 20 to 100 points which in the present case would correspond to 1−0.2 eV per point, the latter being more than enough resolution to distinguish features similar to those of Figure 2 . Straightforward improvements to increase the fluorescence detection efficiency along with the incident Xray flux will make collection of such time-resolved vtc spectra possible. The spectrometer used for our measurements consists of one 10 cm diameter crystal analyzer. The reflective portion is 8.6 cm in diameter which subtends a small solid angle of 0.006 sr, or 0.05% of 4π. Detection efficiency can be improved simply by adding crystal analyzers. Such multicrystal spectrometers have been implemented at, for example, the ESRF, 63 ,64 the Swiss Light Source, 65 the APS, 66 the Stanford Synchrotron Radiation Lightsource, 67 and the LCLS. 68 However, as the number of analyzers increases, so does the complexity and size of the setup, and care must be taken to not add too much to an already technically challenging experiment.
More substantial gain can be made by increasing the incident X-ray flux. Our measurements were carried out with a monochromatic beam, with 0.005% bandwidth (corresponding to ∼0.35 eV centered at 7 keV) and ∼10 6 photons/pulse, but monochromaticity is not necessary for emission spectroscopy. The X-ray photon energy only need be a few hundred electronvolts above the absorption edge which makes vtc XES compatible with pink beam. Such broad bandwidth beams, with bandwidths on the order of 1%, are provided by many synchrotron beamlines, including Sector 7 at the APS, as well as by the self-amplified spontaneous emission (SASE) radiation from X-ray free electron lasers (XFELs). At Sector 7 pink beam operation could provide approximately 2 orders of magnitude more photons/pulse at a MHz repetition rate. Comparably, at the LCLS, 10 12 photons/pulse in a 70 eV bandwidth at 7 keV is available, but at a lower repetition rate of 120 Hz, leading to a similar number of photons per second. As the fluorescence scales directly with incident flux, incorporating pink beam at Sector 7 could lead to a 100 times increase in signal.
Lastly, an increase in flux can be achieved by increasing the repetition rate of the pump−probe measurement to use more of the available X-ray flux. The 135.8 kHz repetition rate used in this work was dictated by the hybrid singlet operating mode and the need to have a fresh sample for each laser-pump, X-rayprobe cycle. The laser-on and laser-off data collected at this rate are a result of only 15% of the available X-ray flux. The maximum rate to ensure sample refresh is dependent on our laser and X-ray spot sizes as well as the flow speed of the liquid jet. In 24 bunch mode given our jet parameters and spot sizes, our maximum pump−probe repetition rate is approximately 300 kHz. Our laser system is already capable of matching the repetition rate of the APS X-rays so it is this rate that limits the efficient use of X-ray flux. However, developments in faster flowing, stable, liquid jets could enable higher repetition rate experiments. A factor of 5 in flow speed already brings measurements into the MHz regime. Jets capable of 30 m/s flow speeds are presently in use for soft X-ray experiments. 69−71 In total, it can be seen that the increase in signal needed to make time-resolved valence-to-core spectroscopy feasible is well within reach with technical improvements that are already available.
■ CONCLUSION
Valence-to-core XES promises to be a powerful addition to the X-ray toolbox for understanding the geometrical and electronic structures of intermediates produced as a solution-phase chemical reaction occurs. The decreased signal strength compared to XAS or core-to-core XES makes it challenging, but we argue that the technical capabilities to make it a practical time-resolved technique are available. The information that can be supplied by valence-to-core XES with the use of straightforward theoretical models is complementary to that of XANES, EXAFS, and core-to-core XES and can, for instance, help identify the presence of photoproducts and quantify their amounts, disentangle the contributions to the XANES spectra, and provide the photoproduct fraction needed for EXAFS analysis.
■ AUTHOR INFORMATION
Corresponding Authors *E-mail: amarch@anl.gov. *E-mail: vanko.gyorgy@wigner.mta.hu.
Notes
The authors declare no competing financial interest. 
■ ACKNOWLEDGMENTS

